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INTRODUCTION
The common octopus Octopus vulgaris Cuvier, 1797
(Cephalopoda, Octopodidae) is a globally important
fisheries species with a high economic value (Xavier
et al. 2015). Octopuses being exported globally under
the name O. vulgaris (multiple O. vulgaris-like spe-
cies, Amor et al. 2017) are of extremely high market
value in Mediterranean, South American and Asian
countries, but especially in north-western Africa, the
largest single-species octopus fishery in the world
(Norman et al. 2016). Following the decline of tradi-
tional fisheries (Balguerías et al. 2000), cephalopods
have gained attention in aquaculture practice.
O. vulgaris has great potential for aquaculture
diversification since it meets some of the require-
ments for commercial aquaculture, such as fast
growth (Mangold & Boletzky 1973, Semmens et al.
2004), a short life cycle (Boyle & Rodhouse 2005),
high food conversion rates (Mangold 1983), easy
adaptation to captivity (Iglesias & Fuentes 2014), as
well as high demand and market value (Vaz-Pires et
al. 2004, Vidal et al. 2014). In addition, it is a valuable
experimental animal for biomedical and behavioural
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ABSTRACT: The common octopus Octopus vulgaris is a highly valuable species worldwide, but to
understand its population dynamics and requirements under culture conditions, it is crucial to
improve our knowledge about its planktonic stages. Previous studies validating daily beak growth
increments in these stages allowed age estimation and comparison of wild and cultured paralar-
vae. We aimed to improve age estimations in captivity, addressing the effect of temperature and
diet, to obtain an accurate estimation of age in wild specimens collected from the coast to the open
ocean off NW Spain and Morocco. We analysed the beak growth increments of reared paralarvae
at 14 and 21°C with 2 different crustacean prey taxa (Artemia and spider crab Maja brachydactyla
zoeae) over 30 d. Daily increment deposition at 21°C was confirmed, whereas <1 increment d−1
was recorded at 14°C. The width of the reading area grew accordingly with age; therefore, this
beak region may be suitable for age estimation. A general linear model (GLM) analysis showed
that temperature and the interaction of age × temperature significantly influenced increment dep-
osition, whereas diet did not. The number of growth rings recorded in wild paralarvae beaks
ranged from 0−8 on the coast, 7−11 on the continental shelf and 2−28 in the open ocean. Corrected
age estimates of wild paralarvae were obtained with the GLM using the mean temperatures
recorded in the wild, supporting the hypothesis that O. vulgaris leave the coastal area and develop
in the open ocean transported by upwelling filaments.
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research (Hochner 2008), and is affected by the
requirement of the new European Directive 2010/
63/EU which regulates the welfare and use of ani-
mals for scientific purposes, minimizing the use of
wild animals to be used in experimentation. The
 species has a planktonic paralarval stage in its early
life (Villanueva & Norman 2008), which is critical
for the success of both cultured and wild populations.
In captivity, massive mortality during the para larval
stage of the common octopus is the main bottleneck
for its commercial exploitation (Iglesias & Fuentes
2014). Based on feeding trials with enriched live food
and natural zooplankton, several authors have sug-
gested that this mortality could be caused, to some
 extent, by nutritional deficiencies in the paralarvae
(Navarro et al. 2014). In addition, expression analysis
of selected genes suggests an effect of environmental
stress on the immune competence of the paralarvae,
which could negatively affect their health and welfare
(Castellanos-Martínez & Gestal 2013). Therefore, bet-
ter knowledge about nutritional requirements, physi-
ology and health status of wild specimens could help
to identify the causes of the high mortalities under
culture conditions.
Difficulties in studying the planktonic early stages
in their natural environment are mostly related to
their scarcity, due to the high dispersion of wild para -
larvae together with the seasonality of the spawning
period (Otero 2006). In the first days post-hatching,
paralarvae inhabit the coastal area, but they move
away towards the oceanic platform and open ocean
in the later ages prior to benthic settlement (Roura et
al. 2016). These difficulties of sampling, together
with the complexity of age estimation in wild paralar-
vae has prevented the accurate study of paralarval
development and the comparative analysis of wild
and cultured paralarvae of similar ages (Garrido et
al. 2016a). This comparative approach is of great
interest to understand the ecology and feeding of
planktonic stages in their natural environment (Vil-
lanueva & Norman 2008), which could serve as a
guide to establish requirements for these early devel-
opmental stages under culture conditions.
Regarding age estimation, Hernández-López et al.
(2001) studied daily formation of growth increments
on the lateral walls of the beaks of cultured O.
vulgaris paralarvae up to 26 d old. Recently, Perales-
Raya et al. (2014b) validated daily deposition using
the anterior coloured region of the upper jaw, where
parallel and thin increments were observed, broaden-
ing the range of paralarvae and transition-to-settle-
ment individuals up to 98 d old. These findings allow
us to refine the study of wild pa ra larvae throughout
their development as well as to compare wild and cul-
tured individuals of similar age. Age estimation in the
anterior coloured region of the upper jaw has been
successfully used in wild para larvae together with a
characterization of fatty acid composition (Garrido et
al. 2016a) and identification of potential rearing stress
in octopus paralarvae (Franco-Santos et al. 2016). Age
validation experiments in these studies were carried
out at 19−23°C, within the range of optimal tempera-
ture (21°C) under culture conditions (Hamasaki &
Morioka 2002, Iglesias et al. 2014). However, no stud-
ies have been carried out at thermal conditions of the
natural environment of the paralarvae, where the
temperature is usually lower (12−14°C; Roura et al.
2016). Development in cephalo pods is greatly affected
by the environmental temperature, as has been
shown in O. vulgaris paralarvae, in which growth rate
increases proportionally to the water temperature
(Hamasaki & Morioka 2002).
The aim of the present study was to estimate, for the
first time, the ages of wild coastal and oceanic paralar-
vae by counting the parallel thin increments (rings)
observed in the anterior region of the upper jaw. Wild
samples collected in coastal and oceanic waters off
NW Spain and Morocco were analysed and compared
with reared individuals. As a first step, captive para -
larvae were maintained under different conditions to
assess the potential effect of temperature and diet on
the increment deposition. Individuals were cultured at
the conventional rearing tem perature (21°C, Iglesias
& Fuentes 2014) and at the lowest range of the ther-
mal conditions in coastal environments (around 14°C).
As diet is among the most important factors affecting
paralarval growth, the effect of 2 different prey was
compared: Artemia and spider crab Maja brachydac-
tila zoeae, which are closer to their natural prey
(Roura et al. 2012) and support better growth relative
to Artemia (Reis et al. 2015, Garrido et al. 2016b). Our
aim was to improve age estimations of O. vulgaris at
early stages, addressing the effect of temperature and
diet under culture conditions. This information was
then used to interpret the age estimated in wild O.
vulgaris para larvae collected in 3 different locations
throughout their planktonic stage (coast, continental
shelf and open ocean) in 2 upwelling ecosystems.
MATERIALS AND METHODS
Culture of paralarvae
Two rearing experiments with Octopus vulgaris
paralarvae were carried out at similar conditions
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using 2 different temperatures and diets: the first at
21°C (optimal temperature under culture conditions,
Iglesias & Fuentes 2014), and the second at 14°C
(similar to environmental temperature in coastal
waters of Ría of Vigo, NW Spain). For each tempera-
ture, 2 different diets were tested, i.e. Artemia and
zoeae of the spider crab Maja brachydactyla.
Octopus broodstock 
Thirteen female and 5 male O. vulgaris were
 captured in January 2015 for the first experiment,
whereas 5 females and 2 males were captured in
January 2016 for the second experiment. In both
cases, artisanal fishing gear was used. Octopus
broodstock was maintained in a concrete tank (4.60 ×
2.10 m) with 1.0 m of water depth. Broodstock was
fed 3 times a week with frozen mussels Mytilus gal-
loprovincialis, frozen fish (Merluccius merluccius and
Sardina pilchardus) and frozen crustaceans (Polybius
sp.). Several plastic pipes (0.2 m diameter, 0.5 m
length) were placed into the tank as dens for females
to spawn. During spring, females began to lay their
eggs into the dens independently. Egg batches were
placed into the plastic pipes so the clusters remained
suspended and the female could clean and con-
stantly oxygenate them with gentle water jets from
the funnel. Spawning females were transferred from
the broodstock tank and placed in smaller tanks
(1 m3) individually with low light intensity (<100 lux).
The embryonic development of O. vulgaris lasts
from 45 to 65 d, depending on incubation tempera-
ture (14 and 18°C respectively; Nande et al. 2017).
 Broodstock and isolated females were maintained in
a flow-through system at the natural environment
 temperature of the Ría of Vigo (14−18°C), salinity at
35 psu (Refractometer ATC, ATAGO©) (Iglesias et
al. 2016), dissolved oxygen at around 8 mg l−1 (Oxy-
Guard-10XHM053, Polaris©) and ammonia, nitrites
and nitrates close to 0 (kit Nutrafin©). Temperature
and oxygen were measured daily, whereas salinity
and nitrogen were monitored once a week.
Spider crab broodstock 
From January to April in 2015 and 2016, 81 spi-
der crabs were maintained in 1 × 1 m tanks with
seawater depth of 0.8 m, in an open flow-through
system and at ambient temperature of the Ría of
Vigo (14−18°C). Light intensity was low (<100 lux).
Crabs were fed 3 times per week with frozen mus-
sels M. galloprovincialis. The maturation stage was
evaluated each week, and the females were reor-
ganised into tanks with similar developmental
stages (Iglesias et al. 2014). Spontaneous hatchlings
were collected using a 500 μm sieve and trans-
ferred to 100 l tanks at 14°C and closed-circuit
water circulation.
Octopus paralarvae rearing
O. vulgaris hatchlings were removed from the
incubation tank 12 h before the beginning of the
rearing experiments to ensure that only newly
hatched paralarvae were used. In both experiments
(21 and 14°C), 6 paralarvae l−1 were transferred into
2 fibreglass cylindrical tanks of 500 l with black bot-
toms, soft central aeration, temperature at 21 ± 1°C
and 14:10 h light:dark photoperiod with an intensity
of 250−300 lux at the surface. During the first 5 d post
hatching (dph), they were kept in a closed-circuit
system, daily controlling the levels of nitrites, nitrates
and ammonia (close to 0), after which paralarvae
remained in an open circuit for 5 h with a flow of
3.5 l min−1, achieving 2 total renovations. Two types
of microalgae, Isochrysis galbana (Ig) and Nanno -
chloropsis gaditana (Nn) were added daily at a final
concentration of 150 000 and 500 000 cells ml−1, re -
spectively. The paralarvae were fed with spider crab
zoeae at a concentration of 0.02 ml−1 and Artemia
metanauplii (enriched at 25°C during 24 h with Ig
and Nn; >2 mm total length) at a final concentration
of 0.2 Artemia ml−1. Equivalent methodology was
carried out in rearing tanks at low temperature (14 ±
1°C). For beak analysis, a total of 33 paralarvae (at
21°C) and 50 paralarvae (at 14°C) were collected.
Different ages were sampled in each treatment (2−5
paralarvae in each sample). The 21°C-Artemia group
was sampled at 7, 10 and 20 dph, and the 21°C-zoeae
group was sampled at 7, 10, 20 and 30 dph. Paralar-
vae reared at 14°C and fed Artemia were sampled at
5, 7 10, 13, 15, 20 and 22 dph, and the 14°C-zoeae
group was sampled at 12, 15 and 20 dph. Paralarvae
were anaesthetized with a solution of 1.5% magne-
sium chloride in seawater (MgCl2) for 10 min and
then killed by increasing the solution to 3.5% for
30 min (following Fiorito et al. 2015).
Paralarvae dry weight and growth rate
In order to obtain the dry weight, 10 paralarvae were
randomly sampled from the rearing tanks at 0 (hatch-
3
Mar Ecol Prog Ser · Theme Section · Advance View
lings), 5, 10, 15, 20 and 30 dph. Paralarvae were
killed as described above. Subsequently, dry weight
was ob tained for each treatment, using small hand-
made aluminium baskets, after 24 h in a dry oven at
80°C using an ultra-precision (0.000001 g) UM3 Met-
tler scale. Paralarval dry weight was used to calcu-
late the standard growth rate (SGR) for each type of
diet throughout the rearing period:
(1)
where initial paralarvae dry weight (PDW0) and
final paralarvae dry weight (PDWf) are the dry
weight of the para larvae at the beginning and end
of the rearing experiments; and t0 and tf are the
times at the beginning/end of the rearing experi-
ments, respectively.
Wild paralarvae captures
Coastal paralarvae
Paralarvae were collected around
the Cíes Islands in the Ría of Vigo
(NW Spain) (Fig. 1a,b). O. vulgaris
paralarvae were classified accord-
ing to Sweeney et al. (1992). Sur-
veys were carried out in 2015 (n =
6) and 2016 (n = 5) between
May and September onboard the
RV ‘José María Navaz’ (Instituto
Es pañol de Oceanografía). During
each survey, 5 trawls were per-
formed along 2 transects (T1 and
T2, Fig. 1b) with a planktonic net of
2 m diameter and 500 μm mesh, to
an average depth of 10 m over
10 min at a speed of 2 knots. Wild
paralarvae were sorted on board
from zooplankton samples using
30 l receptacles. Paralarvae were
killed in liquid nitrogen and kept
at −80°C until analysis.
Oceanic paralarvae
Zooplankton samples were col-
lected during the multidisciplinary
project ‘Canaries−Iberian Marine
Ecosystem Exchanges (CAIBEX)’,
which took place in the seasonal
upwelling system off Cape Silleiro (41−43° N,
CAIBEX-I) and the permanent upwelling system off
Cape Guir (30−32° N, CAIBEX-III). Data acquisition
for this study was carried out on board the RV
‘Sarmiento de Gamboa’ during CAIBEX-I from 7 to
24 July, and CAIBEX-III from 16 August to 5
 September (Fig. 1). High-resolution mapping of the
study area determined the oceanographic conditions
(temperature, salinity and chlorophyll fluorescence)
in situ using a towed vehicle (SeaSoar) that undu-
lated between the surface and 400 m depth. The
information collected with the SeaSoar, together with
real-time satellite images of sea surface temperature
and chlorophyll provided by the Plymouth Marine
Laboratory (NERC Earth Observation Data Acquisi-
tion and Analysis Service), helped to determine the
location of upwelled water masses. Once detected,
we followed these upwelled water masses by means
of 3 Lagrangian experiments with an instrumented
SGR =
ln (PDW) – ln (PDW )
–
f 0
f 0t t
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Fig. 1. (a) Iberian−Canary current eastern boundary upwelling system modified
from Arístegui et al. (2009), showing the areas sampled (red box: CAIBEX-I
cruise, pink box: CAIBEX-III) and the main currents (light blue: surface; dark
blue: slope; SC: slope current), retention (orange) and dispersion (green) zones on
the shelf. (b) Ría of Vigo (NW Spain) showing the 2 transects (T1 and T2) where
‘coastal’ Octopus vulgaris paralarvae were sampled. (c) Zooplankton samples col-
lected during CAIBEX-I off the NW coast of the Iberian Peninsula, around Cape
Silleiro (42° N). Blue (green): samples S1−S7 (S13−S20) corresponding to the first
(second) Lagrangian experiment carried out in the open ocean (over the conti-
nental shelf). (d) Zooplankton samples collected during CAIBEX-III off the NW
Africa coast, around Cape Ghir (30° N). Samples were collected over the conti-
nental shelf at night (green, <200 m depth), in an area affected by the upwelling
in the open ocean (orange, >200 m depth), following a coastal upwelling filament
during the third Lagrangian experiment (violet) and in the open ocean (blue). 
Light/dark colours represent day/night samplings
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drifting buoy (IDB) that was deployed in the core of
the upwelled water.
Meteorological conditions resulted in only weak de-
velopment of upwelling during CAIBEX-I. Two La-
grangian experiments were carried out during this
survey: (1) oceanic waters over the continental slope
were sampled around 41° 25’ N during the relaxation
period after a brief upwelling event (L1: 10−14 July,
samples S1−S7, Fig. 1c); and (2) an incipient coastal
upwelling with alongshore transport over the conti-
nental shelf was sampled from 42 to 41° 23’ N (L2:
16−21 July, samples S13−S20, Fig. 1c). Between these
2 Lagrangian experiments, we collected samples fol-
lowing a coastal−oceanic gradient off the Portuguese
coast (S8−S10), to see the changes between these 2
environments, as well as 2 samples in the continental
shelf of Galicia (S11 and S12). In contrast, strong
winds during CAIBEX-III allowed the development of
a strong upwelling filament (Sangrà et al. 2015). The
IDB was deployed in the core of the upwelling fila-
ment, which was advected from the coast into the
ocean during the third Lagrangian experiment (L3:
23−31 August, Fig. 1d). Samples were also collected
over the shelf (Fig. 1d), in an area affected by the up-
welling over the continental slope (Fig. 1d) and in the
open ocean (Fig. 1d) to investigate the zooplankton
communities surrounding the upwelling filament.
A CTD was deployed to 500 m depth in the open
ocean and to 10 m above the sea-bottom over the
continental shelf (<200 m depth) before each zoo-
plankton sampling. Sampling took place close to the
IDB both at midnight and midday. Mesozooplankton
samples were collected with 2 bongo nets (750 mm
diameter) equipped with 375 μm mesh and a mech -
anical flow-meter. At a ship speed of 2.5 knots, 3 dou-
ble-oblique tows were carried out at each station
over the continental slope (>200 m depth): at 500 m,
100 m and at the surface (0−5 m). Over the continen-
tal shelf (<200 m depth), samples were collected at
100 m (or 10 m above bottom when shallower) and at
the surface (0−5 m). The bongo net was first lowered
to the desired depth, towed for 30 min and subse-
quently hauled up at 0.5 m s−1. It was then cleaned on
board and deployed back to the sea for the next
 towing. In the laboratory, O. vulgaris paralarvae were
sorted from the zooplankton samples and stored in
70% ethanol at −20°C (Roura 2013).
Beak analysis
Cultured and wild paralarvae were analysed for
age estimation by counting the parallel thin incre-
ments (rings) observed in the anterior region of the
upper jaw (beak). The beak of each paralarva (Fig. 2)
was extracted under a binocular microscope and pre-
5
Fig. 2. (a) Lateral view of an Octopus vulgaris paralarva at
hatching; scale bar = 500 μm. (b) Anterior region of the upper
jaw beak in a 20 d old paralarva; location of the main regions
(R: rostrum, H: hood, S: shoulder). Arrow: first increment. Red
segment: width of the reading area (WRA); scale bar = 50 μm.
(c) Location of the thin line of tissue outside the dentition 
(arrow) in the upper jaw of a hatchling; scale bar = 50 μm
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served in distilled water at 4−5°C (Perales-Raya et al.
2010). After longitudinal sectioning of the upper jaw
under the binocular microscope, the 2 halves
obtained were placed in a slide with a drop of dis-
tilled water for observation. Increments in the ante-
rior coloured (pigmented) region of the upper jaw
(Franco-Santos et al. 2016) were counted in the half
with more clear rings under transmitted light with a
Nikon Microscope Multizoom AZ100 (400× magnifi-
cation). The system has a differential interference
contrast attachment (DIC-Nomarski) that creates a 3-
dimensional image of the beak surface, where the
sequence of micro-increments is revealed (Fig. 2b).
Two counts were carried out for each paralarva by 2
trained readers. We discarded individuals with more
than ±1 increments of difference between readings
(for paralarvae with 0−7 increments) and individuals
with more than ±2 increments for other cases (par-
alarvae with >7 increments). The final number of
increments assigned to each paralarva was the mean
value of both counts. Reading precision (sensu Cam-
pana 2001) was assessed with the coefficient of vari-
ation (CV, standard deviation divided by the mean
number of increments in each sample; Chang 1982,
Campana 2001):
(2)
where R1 and R2 are the number of increments
from the first and second reading, respectively,
and R is the mean number of increments from both
readings. The mean CV was calculated for reared
and wild paralarvae in order to assess the reading
precision of both groups. For all samples, the
width of the reading area (WRA) was measured
(μm) in the widest region of the reading area,
where the increments were counted. After calibra-
tion, measurement of WRA (Fig. 2b) was conducted
using the Image Analysis System, with the package
Image Pro Plus 6.3. (Media Cybernetics 2008). All
beaks were preserved in distilled water at least
48 h before measurements were taken, in order to
re-hydrate the microstructure and avoid any dif-
ferences in the WRA values due to the ethanol
(oceanic wild paralarvae). Nonetheless, several
samples preserved in 70% ethanol were measured
before and after 48 h of water immersion, and no
difference (±1 μm) was found in the WRA value.
The number of arm suckers has been used as an
approximation of the age and development of
para larvae in previous studies (Villanueva 1995),
and these data were also collected in the 165 wild
 paralarvae analysed.
Statistical analysis
Results are presented as means ± SD, and p < 0.05
was considered significant. Statistical analyses of
 linear regressions were performed using the SPSS
package version 17.0 (SPSS Inc. 2008). A general lin-
ear model (GLM) was applied to test the effect of
temperature and diet on increment deposition in
 captivity. We used temperature and age as linear
predictors for the number of increments (NI), with the
interaction of age with temperature. Obtained coeffi-
cients (intercept, age, temperature and age × temper-
ature interaction) were used to obtain the equation
for age adjustment from NI and a mean temperature
value. GLM analysis was performed with R ver. 3.3.2.
(R Core Team 2016) as designed by Hastie & Pregi-
bon (1992). ANOVA of the GLM fits (analysis of
deviance table, Type II test) was performed using the
package ‘car’ (Fox & Weisberg 2011).
RESULTS
Improvements in age estimation and beak
 morphology
Morphometric analysis of octopus paralarvae
beaks provided insight into this structure (Fig. 2).
The reading area (named ‘lateral hood surface’ by
Perales-Raya et al. 2014b) is located in the wider part
of the anterior coloured (pigmented) region of the
beak (Franco-Santos et al. 2016; Fig. 2b). This area
corresponds to the rostrum. Adult beaks have the
same morphology in this region, but their dense pig-
mentation makes it more feasible to count incre-
ments in the rostrum sagittal section (RSS, after
Perales-Raya et al. 2010). The first increment is
located at the base of the oral denticles (teeth)
(Fig. 2b). The last increment (indicating the day of
death) is the posterior border of the reading area,
where the rostrum ends and the hood begins. The
hood exhibits a delicate and transparent microstruc-
ture where no increment sequence was found (see
Fig. 2b). We observed a thin line of transparent tissue
outside the dentition, extending along the anterior
border of the beak. It was identified as part of the
developing shoulder (Fig. 2c), which gradually widens
through the ventral region with age. To our knowl-
edge, this is the first time that this structure has been
identified in paralarvae. Mean reading precision
(CV) from the beak readings was 2.97 ± 2.05% for
individuals cultured at 21°C (n = 33) and 3.53 ±
4.32% for individuals cultured at 14°C (n = 50).
CV(%)
100 ( 1 2) ( 2 )2 2R R R R
R
= × − + −
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 Readings of wild coastal paralarvae
showed a mean CV of 2.94 ± 5.66%
(n = 100), and the mean CV obtained
from continental-shelf and oceanic
paralarvae was 3.83 ± 4.64% (n = 65).
Although the CV showed high vari-
ability, mean values were lower than
the usual adopted value of 7.6% for
annual and daily structures (Campana
2001) and therefore no additional
 paralarvae were discarded based on
the CV.
Cultured paralarvae
The relationship between the num-
ber of increments and true age (Fig. 3)
in reared paralarvae at both tem -
peratures showed a linear regression
for all 4 groups (14°C-Artemia, 14°C-
zoeae, 21°-Artemia and 21°C-zoeae).
Results of regression analysis are
shown in Table 1a. Daily deposition
of increments was confirmed at 21°C,
supporting previous validation studies in octopus par-
alarvae (Perales-Raya et al. 2014b); however, at 14°C
there was less than 1 increment d−1. These results in-
dicate that in culture conditions, temperature influ-
ences the increment deposition in the beak. GLM and
ANOVA of the GLM fit with diet included showed
that temperature and the factor age × temperature
were highly significant (p < 0.001), but diet was not
significant (p = 0.051) in the increment deposition and
consequently, the final GLM was performed without
the diet factor. Coefficients obtained from the GLM
analysis (Table 1b) resulted in this equation:
(3)
wherewhere NI is the number of increments, T is the
temperature, and AGE is the age estimation in days.
The highest variability found during the increment
readings was for 0 d paralarvae (hatchlings),
showing a mean value of 2.1 ± 1.52 incre-
ments at 21°C and 1.6 ± 0.55 increments at
14°C. Since hatching does not take place at
the same time for all eggs within a tank, and
some hours have usually elapsed from hatch-
ing when the paralarvae are removed from
the tank, we assigned 0.5 d to hatchlings
born in culture conditions. Growth of dry
body weight (mg) and WRA of the beak
(μm) in reared paralarvae by temperature
and diet are presented in Fig. 4a,b. Paralar-
vae reared at 21°C showed higher weight
in the zoeae-fed group than in the Artemia
group (Fig. 4a); however, these differences
were not observed in the WRA of the beak
(Fig. 4b). These results indicated that the
WRA, and by extension the beak, might
grow independently of the rest of the body
AGE =
NI – 4.604+ 0.176
0.074 – 0.612
T
T
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∗
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Fig. 3. Relationship between the number of increments in the beak and
age of the cultured Octopus vulgaris paralarvae. Data grouped by tem-
perature (14°C, 21°C) and diet treatments (dashed lines: Artemia; solid 
lines: spider crab Maja brachydactyla zoeae)
(a) Regressions Intercept Slope n r2 p
NI−AGE zoeae 21° −0.722 1.046 22 0.989 <0.001
NI−AGE Art 21° −1.468 1.095 16 0.976 <0.001
NI−AGE zoeae 14° −1.050 1.968 18 0.797 <0.001
NI−AGE Art 14° −2.349 1.911 37 0.860 <0.001
AGE−WRA zoeae 21° 10.185 2.598 22 0.977 <0.001
AGE−WRA Art 21° 10.056 2.383 16 0.94 <0.001
AGE−WRA zoeae 14° 10.569 0.796 18 0.825 <0.001
AGE−WRA Art 14° 11.513 1.113 37 0.72 <0.001
AGE−WRA all 21° 8.941 2.608 33 0.966 <0.001
AGE−WRA all 14° 11.533 0.986 50 0.619 <0.001
NI−WRA wild 4.465 2.095 165 0.902 <0.001
(b) GLM coefficients Estimate SE t p (>|t |)
Intercept 4.604.920 1.416.342 3.251 0.00169 **
Age −0.612065 0.096551 −6.339 1.33 × 10−8 ***
Temperature −0.176282 0.079230 −2.225 0.02894 *
Age × temperature 0.073954 0.005239 14.116 < 2 × 10−16 ***
Table 1. (a) Results of regression analysis for relationships between the number
of growth increments (NI), age (days in cultured individuals, NI in wild individ-
uals) and width of the reading area (WRA; see Fig. 2) by groups of Octopus vul-
garis paralarvae. Groups are coded by food source (zoeae: spider crab Maja
brachydactyla zoeae; Art: Artemia) and rearing temperature (21 or 14°C). (b) 
General linear model (GLM) coefficients; *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 5. Beaks of 20 d old Octopus vulgaris paralarvae, reared 
at (a) 21°C and (b) 14°C; scale bar = 50 μm
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and feeding type in culture conditions
at 21°C. In contrast,  paralarvae reared
at 14°C showed a lower growth with
similar trends for both dry body weight
and beak WRA. Fig. 4b shows that, at
similar ages, beaks of para larvae
reared at 14°C were smaller than those
reared at 21°C. Two 20 d old beaks
cultured at 21 and 14°C are shown in
Fig. 5 to illustrate these  differences.
Wild paralarvae
When cultured groups and wild
 paralarvae are represented using the
number of increments as the age esti-
mation (Fig. 6), the highest WRA size
resulted for paralarvae cultured at
21°C and the smallest for those cul-
tured at 14°C, with wild specimens
showing intermediate WRA values
and similar growth trends to paralar-
vae cultured at 21°C. Both groups
(wild and cultured at 21°C) had also a
good linear fit (r2 > 0.9; see Table 1a),
evidencing that WRA growth is corre-
lated with age. Results of increment
counts in beaks of wild individuals are
shown in Fig. 7. The mean NI was
4 increments (range: 0−8) for coastal
paralarvae from the Ría of Vigo (all
with 3 suckers), 8 increments (range:
7−11) for continental-shelf paralarvae
off NW-Spain (3−4 suckers), 12 in -
crements (range: 5−18) in oceanic par-
alarvae off NW Spain (3−5 suckers)
and 11 increments (range: 2−28) in
oceanic paralarvae off Morocco (3−15
suckers). Fig. 7 also includes informa-
tion about the NI range for a given
number of suckers. All coastal paralar-
vae had 3 suckers, as did 3 paralarvae
(75%) from continental shelf NW
Spain, 8 paralarvae (22%) from oce -
anic waters off NW Spain and 9 paralarvae (38%)
from oceanic waters off Morocco. The latter included
the youngest group of oceanic para larvae (2−7 incre-
ments), which were transported from the Moroccan
coast by the strong filament followed during
CAIBEX-III. Considering the possible influence of
temperature (Fig. 3) in the periodicity of increment
deposition in the natural environment, Fig. 8 pro-
vides the GLM simulation for the mean temperatures
where coastal, continental-shelf and oceanic paralar-
vae were respectively caught: 14.5°C for the coastal
area (range: 13.00−16.20), 17°C for oceanic waters
off Morocco (range: 11.70−21.50) and 16°C for the
oceanic and continental waters off NW Spain (range:
12.03−19.16). Table 2 shows mean ages obtained for
each NI and each temperature group.
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DISCUSSION
The anterior pigmented region in paralarvae beaks
has been previously used for age estimation in early
stages of Octopus vulgaris (Perales-Raya et al. 2014b,
Franco-Santos et al. 2016, Garrido et al. 2016a), and
Franco-Santos & Vidal (2014) provided a morpholog-
ical description of the beaks of paralarvae of several
squid species, but the relationship between beak
parts (rostrum, hood, lateral walls, shoulder) has not
been addressed before. In contrast with adult beaks,
transparency of this region in early developmental
stages allowed us to observe the increments in the
lateral surface of the rostrum, and preparation of RSS
(following Perales-Raya et al. 2010) is not necessary
in para larvae. Increments used in adult RSS of octo-
puses (Perales-Raya et al. 2014a,b) and squids (Liu et
al. 2015, Fang et al. 2016, Hu et al. 2016) are in fact
the same increments as those in the rostrum surface
of the paralarvae. The DIC-Nomarski technology
also facilitated observation of different planes of the
beak. Variability obtained in the reading precision
(CV) of paralarval beaks is related to the high values
obtained in some young individuals (5−8 incre-
ments), where a difference of 1 increment increases
the CV. Precision is highly influenced by the species
and the nature of the structure to be quantified
(Campana 2001), and therefore any target level of
CV for ageing studies also depends on the reading
complexity of the structure.
Influence of temperature in increment deposition
was evident at 14°C (Fig. 3), where paralarvae
required more than 1 d for the deposition of each
increment. The presence of an endogenous circadian
rhythm was shown at 21°C by Meisel et al. (2003).
Endogenous rhythms are common in marine organ-
isms, but other factors may mask or reinforce the
endogenous rhythm, which is synchronized at an
early age with photo-periodicity or other external
daily factors (Morales-Nin 1992). In fish otoliths, no
evidence was found that increment numbers vary
between temperature levels, except where low tem-
perature has resulted in cessation of fish growth
(Campana & Neilson 1985). Oyadomari & Auer
(2007) reported that fish larvae with lower growth
rates in the laboratory could not be aged as accu-
rately by otolith analysis. Environmental conditions,
transmitted through the physiology of the fish, affect
the otolith growth rate, but increment periodicity
may be disrupted only in extreme cases of physio -
logical stress Morales-Nin (2000). Body weight and
beak WRA of octopus paralarvae at 14°C (at any diet)
showed a very low growth and higher variability
when compared with cultured paralarvae at 21°C
and wild paralarvae of the same ages (NI in wild
individuals), both groups showing similar trends in
WRA growth, although wild paralarvae showed
smaller WRA sizes than paralarvae reared at 21°C
(Fig. 6). Wild specimens inhabit areas with mean
temperatures <21°C, and therefore their growth
could be affected by temperature, as reported for fish
planktonic larvae (Pomacentrus coelestis), for which
water temperature explained approximately 30% of
the growth variation, contrary to diet (zooplankton
abundance), which explained only 3.5% (Meekan et
al. 2003). Temperature controls H+ ion availability in
bicarbonate-buffered systems; therefore, this is an
important control of otolith growth (Morales-Nin
2000), and beak growth might also be affected.
The adverse low temperature in the laboratory can
lead to stressful conditions and slower growth, thus
inducing slower increment deposition. We should not
disregard the possibility that slow growth promotes
very thin increments, even overlapping ones, which
may also result in age underestimation. In contrast,
paralarvae grown in optimal rearing conditions (21°C,
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NI Age Age Age
GLM 14.5°C GLM 16°C GLM 17°C
Coastal Shelf-oceanic Oceanic
(Ría of Vigo) (NW Spain) (Morocco)
1 −2.3 − −
2 −0.1 − 0.6
3 2.1 − 2.2
4 4.2 − 3.7
5 5.8 5.7 4.4
6 8.1 − 6.7
7 9.6 8.9 7.5
8 12.2 10.5 −
9 − 12.5 −
10 − 14 12.8
11 − 16.2 −
12 − 17.3 −
13 − 19.7 16.7
14 − 21.1 18.7
15 − 23.5 19.7
16 − 25.3 21.6
17 − 27.1 23.5
18 − 28.4 −
19 − − 25.8
28 − − 40.3
Table 2. Mean ages (in days) obtained for each number of
growth increments (NI) in the beaks of wild Octopus vul-
garis paralarvae using a general linear model (GLM) simula-
tion for mean temperatures where paralarvae were caught.
Larvae originated from coastal waters at the Ría of Vigo,
continental shelf and oceanic waters off NW Spain, and from 
oceanic waters off Morocco
Perales-Raya et al.: Age estimation in octopus paralarvae
after Hamasaki & Morioka 2002) or in wild environ-
ments may be less affected by this physiological
stress, and increment deposition may not be dis-
rupted. In natural environment, temperature fluctua-
tions, even if they are experienced through vertical
migrations (Fortier & Leggett 1983), would be ex -
pected, reinforcing the endogenous daily cycle and
thus producing more clear and regularly-spaced
increments in wild-caught larvae than in laboratory-
reared specimens (Campana & Neilson 1985). Verti-
cal migrations reported in wild paralarvae of O. vul-
garis (Roura 2013, Roura et al. 2016) may emphasise
their daily cycle deposition in the natural environ-
ment, as clear increments were observed in most of
the individuals analysed. Moreover, 14°C in the wild
may not be as adverse as under culture conditions,
since this temperature and even lower are common
in coastal upwelling areas where the paralarvae
hatch and live during their first days of life (Roura et
al. 2016). In addition, these cold waters harbour rich
zooplankton communities that provide diverse and
nutritious prey for the early hatchlings (Roura et al.
2012, Roura 2013, Olmos-Pérez et al. 2017). Assum-
ing daily increments in wild octopus paralarvae, the
mean increments and the number of suckers re -
corded in this study for coastal, continental-shelf and
oceanic waters (Fig. 7, Table 3) support the hypo -
thesis of the oceanic strategy displayed by O. vul-
garis paralarvae that are dispersed far from the shelf
(Roura et al. 2016). The youngest oceanic paralarvae
with 2−4 increments (i.e. 2−4 d old) caught in Mo -
rocco were dispersed far from the coast by the strong
upwelling filament recorded off the NW African
coast during the CAIBEX-III survey (Sangrà et al.
2015). This upwelling filament was 120 km wide,
150 m deep and stretched more than 200 km off-
shore, thus transporting recently hatched paralarvae
from the coast that were growing within the filament,
as evidenced from Fig. 7.
Paralarvae caught in the oceanic waters of NW
Spain and Morocco shared the same haplotypes of
the cytochrome c oxidase subunit I (Roura 2013),
despite the fact that both populations grow in up -
welling systems separated by more than 2000 km
and adults exhibit evident morphological differences
(Amor et al. 2017). The zooplankton availability in
these nutrient-rich upwelled waters (Hernández-León
et al. 2007, Roura 2013) probably provides good food
conditions for paralarval growth, and we consider
that the increments counted in both upwelling re -
gions can be compared directly. Indeed, the differ-
ences observed between the paralarvae captured off
NW Spain (up to 5 suckers and 18 increments or
days) and Morocco (up to 15 suckers and 28 incre-
ments or days), were attributed to the different
oceanographic conditions in both surveys and had
little to do with the temperatures recorded (Table 3).
During the survey off NW Spain (CAIBEX-I), there
was no well-developed filament as in Morocco
(CAIBEX-III), and the only samples collected in the
open ocean were at the end of a short upwelling
pulse (Roura 2013). This short upwelling pulse, how-
ever, was strong enough to transport paralarvae
as young as 5 d old (with only 3 suckers per arm,
Table 3) from the coast to the continental slope
~60 km offshore (samples S1−S7, Fig. 1).
Previous studies have evaluated the influence of
temperature on the embryonic development and
planktonic duration of O. vulgaris in temperate
regions (e.g. Nande et al. 2017), and used it to predict
hatching and settlement patterns (Katsanevakis &
Verriopoulos 2006). In a similar fashion, and consid-
ering that temperature influences the initial growth
phase of O. vulgaris (Semmens et al. 2004), we eval-
uated the possible influence of temperature on the
increment deposition of wild paralarvae (Fig. 8,
Table 2), by means of a GLM built with the data
obtained in captivity. By doing so and using the mean
temperatures at capture of the wild paralarvae from
different ecosystems (coast, shelf and oceanic from
NW Spain and oceanic from Morocco), we estimated
the age of the paralarvae assuming that NI was tem-
perature dependent (Table 1b). This model is an
approximation to adjust NI of wild paralarvae assum-
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Atlantic Water n No. of NI Temperature Depth Distance to 
area suckers (°C) (m) coast (km)
NW Spain Coastal 100 3 0−8 13.00−16.20 18−20 3−5
NW Spain Continental shelf 4 3−4 7−11 13.24−18.45 136−147 15−25
NW Spain Oceanic 37 3−5 5−18 12.03−19.16 1940−3105 62−75
Morocco Oceanic 24 3−15 2−28 11.70−21.50 787−3110 50−171
Table 3. Details of the Octopus vulgaris paralarvae collected off the coasts of NW Spain (2015−2016) and continental shelf and 
ocean off NW Spain and Morocco in 2009. NI: number of growth increments
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ing the influence of cold temperatures in the incre-
ment deposition. Consequently, caution should be
taken, as the influence of temperature in the wild is
not demonstrated and the high dispersion of plank-
tonic paralarvae and their movements along up -
welling water masses of different temperatures may
result in deviation of the considered thermal mean
values.
Extrapolation of results from rearing conditions to
the natural environment is a complicated issue, since
there are many biotic/abiotic natural conditions that
are not easily emulated in captivity (e.g. pressure,
temperature and light gradients, zooplankton com-
munities). Nevertheless, further analyses of tem -
peratures between the optimal (21°C) and cold tem-
perature (14°C) with zooplankton-based diets are
desirable to provide conclusions about the effect of
temperature on the increment deposition of common
octopus paralarvae.
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